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Abstract Blunt force is a frequently used type of violence
especially because it can be performed with basically every
object of our daily lives or with bare hands or feet. The injuries
and medical consequences have been widely examined,
whereas the forces and especially the energies acting on im-
pact have rarely been analyzed. The aim of the present study is
to provide the impact energy and its ranges of four longish
everyday items with different characteristics for male and fe-
male offenders. Additionally, the moment of inertia (MOI) for
all the objects was calculated and its influence on the energy
determined. A combination wrench, aluminum pipe, golf
club, and spade were chosen as representatives of the four
categories short, medium length with the center of mass
(COM) in the middle, medium length with the COM close
to the hitting point, and long and heavy. A total of 880 strikes
have been performed by 11 volunteers. The results show the
mean energy values of wrench, pipe, golf club, and spade for
men of 51.1, 74.4, 93.5, and 166.7 J. For women, the results
are 33.0, 41.0, 56.5, and 76.8 J. Knowing the energy thresh-
olds for certain fractures and injuries, these results help to
assess whether a claimed hit may have caused the fracture or
injury or not.
Keywords Blunt force trauma . Impact energy . Horizontal
striking . Golf club . Spade . Combinationwrench .
Aluminum pipe
Introduction
A considerable part of the daily casework in legal medicine is
the analysis of blunt trauma. A significant amount of such
cases are strikes with a great variety of longish rigid objects
as weapons, which can cause injuries ranging from mild to
potentially deadly trauma.
A variety of objects used for hitting can be found in cases
reported in the literature emphasizing their injury potential.
For instance, a blow to the chest with a golf club, which ended
deadly [1], or blows to the eyes, which lead to the loss of
eyesight [2]. Baseball bats are dangerous weapons as proven
in multiple cases with resulting injuries ranging from bone
fractures to deadly injuries to the chest and head [3–8]. The
variety of objects used as hitting instruments in forensic case-
work is infinite, because anything within the perpetrator’s
reach can be used for this purpose as long as it can be lifted
off the ground and accelerated. In the archive of the author’s
host institute of forensic medicine alone, a multitude of hitting
objects can be found, e.g., frying pans, snow shovels, sticks,
crowbars, or statues. The present study will only consider
longish rigid objects and will disregard objects, which are
round or very short and thus cannot be swung, e.g., ashtrays
or vases.
Forensic physicists and legal examiners are often asked to
classify such attacks for the jurisdiction as mild or strong or to
estimate the potential damage an object could cause if a person
would be hit with it. Furthermore, the life threatening potential
of such a hit is often in question. The impact energy is a good
quantity to illustrate the overall dangerousness that can be
reached by a certain object. Impact energy, unlike the acting
force [9], is independent from the target surface properties and
geometry, from the contact area, and from the surface proper-
ties and geometry of the hitting object and thus is useful in
comparing the hitting objects characteristics. In view of the
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injury risk, the aforementioned quantities cannot totally be
neglected; however, for the purpose of this study, only the
energy will be regarded. The reason being that the target is
mostly unknown since the specific body part to be hit is equal-
ly unknown and its properties can merely be estimated.
Additionally, the contact area on the object is unknown, con-
sidering, e.g., a shovel with either a flat large surface or a very
narrow edge.
The target independent properties of the hit were studied in
Sprenger et al. [10]. Furthermore, the effective mass of longish
rigid objects was studied in Adamec et al. [11]. The hitting
energy of a variety of everyday items has so far not been
investigated.
The intention of this study was to determine the impact
energy and its range of four different everyday items, chosen
to represent four categories, i.e., short, medium length with the
center of mass (COM) in the middle, medium length with the
COM towards the hitting part, and long and heavy. In doing
so, the difference between male and female hitters and the
inter-individual differences were analyzed.
Materials and methods
Out of the vast variety of objects used for hitting in forensic
cases, an assortment was chosen to represent four categories
of instruments. These four objects had different physical
properties.
The first category is the one for all short objects, and thus,
the COM is located close to the holding hand such as frying
pans, glass bottles (that do not break) [12], or candleholders.
In this study, they are represented by a combination wrench
made of chromed vanadium held at the ring end.
The second category contains objects of medium length
with even mass distribution, i.e., the COM is located in the
middle including any type of stick, such as broom and shovel
handles, square bars, or branches. These instruments are rep-
resented by an aluminum pipe having an inner diameter of
21.6 mm and a wall thickness of 1.5 mm.
The third category includes all objects of medium length
with the COM located close to the end furthest away from the
perpetrator’s hand, here represented by a golf club
(MacGregor Golf M565 V-FOIL SPEED, 6 Iron). Sixty per-
cent of the mass is placed in the 50 mm furthest away.
The fourth category consists of heavy and long objects
whose COM usually is not located in their middle because
they have a bigger or heavier end used for a specific applica-
tion. This category contains shovels or hoes and is represented
by a spade.
The mass, length, COM, and the moment of inertia (MOI)
of the used striking objects are summarized in Table 1. The
MOI was calculated assuming a point of rotation at the end
held in hands.
For this study, seven male and four female volunteers in the
range of 21 to 29 years of age have been recruited. Physically
well-trained as well as non-trained individuals with different
professions and leisure activities, from desk workers to a se-
curity guard and martial artist participated. The age, height,
arm length, perimeter of the upper arm, and leisure activities
of the volunteers can be found in Table 2. None of the above
properties has been used to in- or exclude volunteers from the
study.
In order tomeasure the striking energies, the volunteers had
to hit a pendulum horizontally as hard as they could. The
target was located 0.98 m aboveground and had a diameter
of 0.18 m. The mass of the pendulum was 17.3 kg. A test
series for one volunteer included 20 strikes with each object,
resulting in 80 measurements per volunteer. A total of 880
measurements have been acquired.
The target on the pendulum was covered with modeling
clay to achieve an inelastic collision. The angular movement
of the pendulum was measured with a potentiometer connect-
ed to an oscilloscope (Picoscope 5203 PC oscilloscope). To
determine the striking velocity of the impacting part, each
strike was filmed with a high-speed camera (Casio Exilim
High Speed EX-FC 100) at 420 fps vertically from below
the pendulum.
A damped sinusoidal wave was fitted to match the curves
of the oscilloscope with BMatlab.^ The greatest gradient was
then calculated with the first derivative of the sinus curve,
which corresponds to the greatest angular velocity of the
pendulum.
The kinetic energy of the strike cannot be measured
directly in the setting of an inelastic collision. It was
determined by the impact velocity of the striking object
onto the pendulum measured at the point of impact and
the fictive impact mass (defined as the point mass that
would produce the same impact energy as the striking
object acting in the moment of impact). This impact
mass consists of a part of the mass of the striking ob-
ject and parts of the arm and upper body of the volun-
teer, which is why it cannot be measured directly. This
allows only a calculation by means of the law of con-
servation of momentum using
Table 1 Properties of the striking objects
Object mo (kg) lo (m) COM (m) I (kg m
2)
Combination wrench 0.51 0.33 0.18 0.02
Aluminum pipe 0.3 1 0.5 0.08
Golf club 0.423 1 0.725 0.22
Spade 2.205 1.17 0.79 1.38
mo mass of the striking object, lo length of the striking object,COM center
of mass measured from the end of the striking object, where it is held, I is
the moment of inertia (point of rotation is the end held in hands)
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ms⋅vs ¼ mp þ ms
 
⋅vmax ð1Þ
where ms denotes the impact mass, vs is the impact
velocity of the striking object, mp is the mass of the
pendulum, and vmax is the maximum trajectory velocity
of the pendulum in its COM. The formula was then
transposed to the following:
ms ¼ mp⋅vmaxvs−vmax ð2Þ
to calculate the impact mass, with the impact velocity
measured by high-speed camera and the calculated im-
pact mass, the impact energy was obtained [10].
A two-sample Student’s t test assuming unequal variances
with a significance level of 0.05 was used to analyze the dif-
ferences between men and women.
Results
The average of the mean hitting energies, mean hitting veloc-
ities, and mean fictive impact masses and their respective
ranges are listed in Table 3 for the male volunteers and in
Table 4 for the female volunteers.
Taking into account, all the individual strikes performed by
all the volunteers, the mean energies, velocities, and masses of
the male and female hitters were compared. As expected, the
energies of the male hitters were all significantly higher than
the values of the females with regard to a significance level of
0.05. This applies also to the velocity, but the reverse is true
for the impacting mass. Apart from the value for the spade, the
values of the females are higher. The values for the wrench
and golf club are even significantly higher than the male
values.
The inter-individual difference is shown in Fig. 1, where
the mean impact energies of the male (vm) and the female
volunteers (vf) for each object are arranged in increasing or-
der. Additionally, the standard deviation for each volunteer is
displayed.
For the wrench, the female volunteer with the highest
mean hitting energy exceeded the energy of the weakest
male volunteer. Three of four female hitters achieved
mean energies within the standard deviation of the male
volunteers.
Using the aluminum pipe, only one female hitter reached a
mean value lying within the standard deviation of the male
hitters. This value exceeded that of the other female volunteers
by far and was close to that of the weakest male hitter.
Table 2 Description of the volunteers
Age (years) Height (cm) Mass (kg) Arm length (cm) Perimeter upper
arm (cm)
Sports
Vm 1 25 178 68 81 31 Fencing, floorball
Vm 2 24 183 87 84 36 Boxing
Vm 3 22 193 77 83 31 None
Vm 4 22 192 86 81 37 None
Vm 5 29 185 91 84 34 Muay Thai, soccer
Vm 6 26 181 84 83 34 Soccer
Vm 7 25 195 72 88 30 Bicycle racing
Vf 1 21 164 62 73 29 Dancing
Vf 2 26 177 64 80 28 None
Vf 3 24 164 58 72 26 Fencing, climbing
Vf 4 24 173 74 78 32 None
Vm refers to the male volunteers and vf to the female volunteers. The arm length was measured from acromion to fingertip of the middle finger while
hanging, the perimeter of the hitting upper arm with tense muscles
Table 3 Physical characteristics
of the hits performed by the male
volunteers
Men Ei (J) vs (m/s) ms (kg)
Combination wrench 51.1 (35.1–65.8) 20.7 (18.5–24.1) 0.238 (0.205–0.312)
Aluminum pipe 74.4 (57.4–84.9) 31.1 (27.7–36.2) 0.156 (0.129–0.190)
Golf club 93.5 (59.8–105.7) 24.3 (18.7–28.1) 0.317 (0.266–0.343)
Spade 166.7 (107.2–217.8) 14.3 (11.6–16.8) 1.622 (1.402–1.842)
Ei mean impact energy, vs mean impact velocity of the striking object, ms mean impact mass of the strike. In
brackets, the range of the individual mean values
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Hitting with the golf club, the female volunteer with the
highest mean energy exceeded the energy of the weakest male
volunteer. Three of four female hitters reached values within
the standard deviation of the male volunteers.
The measurements with the spade resulted in two out of
four female hitters achieving values within the standard devi-
ation of the male volunteers.
For every instrument, individual energy values of all the
female hitters lay within the standard deviation of all the
males.
In Figs. 2 and 3, the frequency distributions of all the single
strikes of the different striking objects are shown. All the male
hitters together (Fig. 2) executed a total of 140 hits with each
object whereas the female ones (Fig. 3) executed 80. The
energies were divided into intervals of 10 J. The highest mea-
sured energy value of a male hitter was 289 J and that of a
female 158 J.
Furthermore, the influence of the MOI on the hitting ener-
gy was considered. A fit was performed based on the follow-
ing theoretical formula used to calculate the energy of an ob-
ject thrown by hand [13]:
Eini ¼ mob jectmob ject þ marm ⋅W ð3Þ
where Eini is the initial energy of the thrown object, mobject is
the mass of the thrown object,marm is the mass of the arm, and
W is the work performed by the thrower.
This formula was converted to fit a motion with a striking
instrument opposed to a thrown object; thus, the masses were
changed toMOI. TheMOI of each instrument can be found in
Table 1, but it would not suffice to simply exchange the
masses with these MOIs since the point of rotation is not the
handle of the instrument but the torso or the shoulder joint.
Therefore, a correctional term is needed to be added compen-
sating the too small MOI of the hitting instrument leading to
the following formula:
Eimp ¼ I inst þ I corI inst þ I cor þ I arm ⋅W ð4Þ
where Eimp is the impact energy, Iarm is the MOI of the arm,
Iinst is the MOI of the hitting instrument, Icor is the correctional
term, and W is the work the hitter puts into his motion.
Measurements provided the values of the impact energy and
the MOI of the hitting instrument while the rest of the param-
eters were fitted. The corresponding values can be found in
Table 5.
The correctional term was used to calculate the actual MOI
influencing the impact (Itot = Iinst + Icor). The impact energy as
Table 4 Physical characteristics
of the hits performed by the
female volunteers
Women Ei (J) vs (m/s) ms (kg)
Combination wrench 33.0 (32.1–35.7) 15.2 (13.7–16.0) 0.288 (0.256–0.345)
Aluminum pipe 41.0 (33.7–56.5) 22.8 (19.6–27.3) 0.158 (0.145–0.177)
Golf club 56.5 (46.4–75.3) 18.3 (15.9–21.8) 0.339 (0.307–0.366)
Spade 76.8 (42.4–98.8) 10.5 (8.5–11.6) 1.364 (1.152–1.571)
Ei mean impact energy, vs mean impact velocity of the striking object, ms mean impact mass of the strike. In
brackets, the range of the individual mean values

























Fig. 1 Mean impact energy and
standard deviation of all subjects
and all objects. The energies of
the male volunteers (vm) and the
female volunteers (vf) are
grouped separately and arranged
in increasing order for each object
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a function of the actual MOI and the corresponding fit can be
seen in Fig. 4.
The influence of the body parameters was also taken into
consideration. The influence of the parameter with the best
correlation, which is the body mass, is shown in Fig. 5 with
the corresponding trend line and coefficient of determination
for each object.
Discussion
Comparing both genders, it becomes apparent that the biggest
difference is found for the heaviest hitting instrument, the
spade, where the mean value is higher by a factor of 2.2 for
the male hitters. This can be explained by the fact that for
some women, its mass was close to the maximum possible
mass that a hitting instrument can have due to their physiolog-
ical limits. In contrast, themean values of themale hitters were
higher by a factor of 1.6 for the wrench, 1.8 for the pipe, and
1.7 for the golf club, respectively.
Due to the greater influence of the impact velocity than that
of the impact mass on the impact energy, the higher impact
masses of the women had a smaller effect than the higher
impact velocities of the men leading to the higher energies
of the male volunteers. An explanation for the higher impact
masses of the women has so far not been found.
For both female and male hitters, the energy values of the
spade had the widest spread distribution as can be seen in Figs.
2 and 3 whereas the wrench has the narrowest, albeit not by
far. Note that the number of hits per instrument differs in the
two figures because of the different number of volunteers,
resulting in 140 hits for the seven male volunteers and 80 hits
for the four female volunteers.
The comparison between the aluminum pipe and the golf
club shows the influence of a difference in the COM of
22.5 cm corresponding to 22.5% of the total length. This leads
to a 20.4% increase in the energy for the men and 27.4% for
the women, respectively. Unfortunately, the masses of the two
objects could not have been chosen to be completely identical,
which means the influence of the COM cannot be totally iso-
lated. Instead it makes more sense to regard the influence of
the MOI diagramed in Fig. 4, where the influence of the arm
swinging the instrument is taken into account. It can be seen
that a higher MOI results in a higher hitting energy, up to a
certain point, which was not reached by the used objects.
Therefore, the highest possible MOI could not be determined.
The correlation between the body parameter and the energy
was better than expected but can hardly be used to make





















































































































wrench aluminum pipe golf club spadeFig. 2 Frequency distribution of
the male subjects for the striking
energies of all objects. One
hundred forty hits were executed
with each object. The impact
energies were divided into
intervals of 10 J. No energies
higher than 300 J have been























































































































wrench aluminum pipe golf club spadeFig. 3 Frequency distribution of
the female subjects for the striking
energies of all objects. Eighty hits
were executed with each object.
The impact energies were divided
into intervals of 10 J. No energies
higher than 170 J have been
measured for these objects
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Furthermore, the measured impact energy can be compared
to literature findings of energy values causing thorax and head
injuries. For example, rubber projectiles weighing 140 g were
shot at the thorax and abdomen of anesthetized pigs with
speeds ranging from 30 to 64 m/s resulting in energies from
63.0 to 286.7 J. Cardiac compression and contusion, and rib
fractures as well as vessel ruptures were observed [14].
Another energy threshold for the thorax is given through the
testing standard of ballistic body armor where an energy trans-
fer to the body of 70 J is allowed [15]. Thresholds for skull
fractures were investigated in multiple studies. For instance,
fractures of the neurocranium with an electrohydraulic device
and unembalmed intact human cadaver heads were measured.
The failure loads depended on the anatomical localization and
ranged from 14.1 to 68.5 J [16]. Hard projectiles were shot in
the face of post-mortem human subjects with energies be-
tween 14 and 84 J to the forehead and 16 to 26 J on the
mandible, which did not result in fractures, whereas 10–50 J
on the zygoma always resulted in a fracture [17]. The
temporo-parietal resistance of the head on unembalmed post-
mortem human subjects was tested in a free-falling drop test.
Fractures occurred between 16 and 53 J [18]. With porcine
cranium, a test was performed resembling a hammer strike:
Fractures were found for energies higher than 18 J [19].
The values of the impact energies elaborated in this study
show that all the male volunteers and stronger female
volunteers would be able to inflict severe injuries such as rib
fractures and organ or vessel lacerations.
Limitations
The results of this study are subject to a number of uncer-
tainties due to the experimental setup. If the target is not hit
in the center and in the movement axis of the pendulum, some
of the energy is transformed in vibration instead of being
transmitted into the movement of the pendulum. The calcula-
tions assume an absolute inelastic collision, which in reality
can only approximately be reached.
The statistical conclusions would be more meaningful with
a greater number of participants.
Throughout the experiment, the hitters became accustomed
to the previously unknown movement, thus improving the
aim, which resulted in higher energy values. A different de-
sign of the pendulum, which could measure the impact energy
independently of the striking direction and with a bigger target
area, could decrease this effect. Furthermore, due to the stren-
uous task, the untrained individuals tired faster influencing the
average result.
An additional source of error was the analysis of the high-
speed videos. At a framerate of 420 fps, the resolution of the
pictures was limited and light effects could overlay the mark-
ings on the striking objects, which could cause small inaccu-
racies in the evaluation process. The distance between the
























Fig. 4 The influence of the moment of inertia of the hitting instrument
held by hand. The mean energy for each object as a function of the total
MOI of the arm and the hitting instrument is displayed. A fit was
calculated based on Eq. (4)
Table 5 The fitting






Iarm is the mean moment of inertia of the
arm, Icor is a correctional term, andW is the
























Fig. 5 The influence of the body mass on the energy. The linear trend
line is shownwith the corresponding coefficient of determination for each
object
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therefore, the scale, which has been centered on the target, was
not perfectly accurate for every hit.
The study was limited to horizontal strikes, and it is likely
that vertical or diagonal strikes would lead to different results.
These types of strikes should also be investigated but would
require a different setup.
Conclusion
This study provides the impact energies, impact masses, and
impact velocities for horizontal strikes with a combination
wrench, an aluminum pipe, a golf club, and a spade, as repre-
sentatives for everyday items. Additionally, it compares the
ranges of all the objects for female and male volunteers. The
higher the MOI, the higher is the energy, up to the point where
the hitter is unable to hold or accelerate the object. The energy
and velocity of all objects are significantly higher for the male
volunteers than they are for female volunteers. However, the
impact masses of the female hitters are higher except for the
spade. The reason is so far unclear. There is a correlation
between the body mass and the hitting energy. Literature
values for skull fractures and thorax injuries can be consulted,
in order to determine the injury potential of hits with each
object.
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